Replicating molecules of minichromosomes pCM959 and pOC24 were analyzed by electron microscopy. Replication of pCM959 proceeded bidirectionally from the replication origin, oriC, in about 60% of the molecules; the rest of the molecules replicated unidirectionally in either direction. pOC24, in which deoxyribonucleic acid to the right (clockwise) of the oriC segment is deleted, seemed to replicate predominantly unidirectionally counterclockwise from oriC.
Chromosomal replication of Escherichia coli K-12 starts from a fixed site on the chromosome, the replication origin oriC, and proceeds bidirectionally toward the terminus (2, 13, 21) . This replication origin has been cloned on minichromosomes, plasmids which contain oriC as their only origin of replication (15, 17, 27, 28) , on A asn transducing phages (18, 26) , and on F' plasmids (7, 12, 25) .
The replication origin was localized within the minichromosomes by deletion analysis (15, 17) . A DNA segment of 422 base pairs, defined on one side by a BamHI recognition site and on the other side by a XhoI recognition site (see Fig. 1 ) was found to be necessary and sufficient for the replication of adjacent DNA. The nucleotide sequence of this oriC segment was determined (15, 23) . Recently, the minimum DNA segment required for minichromosome replication has been determined more precisely by analysis of deletions introduced from either end of the 422-base pair fragment (20) . This minimum segment constitutes 232 to 245 base pairs. Deletion of all or part of this segment (8, 17, 20) (Fig. 1) . The minichromosome pCM959 has been derived from A asn by in vivo deletion and is a plasmid which contains exclusively chromosomal DNA (15, 27) . The sequences in and around both boundaries of oriC are identical to those of the oriC region in the chromosome. pOC24 was derived from the larger minichromosome p0C2 (16) Replication intermediates of pCM959 and pOC24 were isolated as described previously (4, 6) , except that thymine starvation was omitted to avoid any possible effects of thymine limitation on the replication pattern (5) . Exponentially growing cells were shock arrested and lysed, and A B the DNA was purified by dye-CsCl gradient centrifugation (4, 6) . Replicative intermediates were isolated from the gradients from a position between closed circular and linear DNA. Replicative intermediates had been shown to band at that density in a pilot experiment using pulselabeled DNA (data not shown). They were digested with restriction endonucleases having single recognition sites for each plasmid: SmaI for pCM959 and PvuII for pOC24 (Fig. 1) . Unfor [3H]thymidine (0.5 ,uCi/ml) was added at a cell density of about 5 x 107/ml. At a density of about 10Q cells per ml, growth was arrested by adding 0.1 M sodium azide, and the culture was rapidly cooled in dry ice-methanol. Cells were harvested and lysed by the lysozyme-sodium dodecyl sulfate-salt method (6) . Replicating molecules were purified by two successive centrifugations in a propidiumdiiodide-cesium chloride gradient at 40,000 rpm for 60 h at 15°C. Gradients were fractionated, and small samples were counted. DNA from the region in between covalently closed circular DNA and linear DNA was pooled, extracted with CsCI-saturated isopropanol to remove the propidiumdiiodide, and precipitated with ethanol. The pellet was dissolved, and part of the material was linearized with restriction endonuclease SmaI and prepared for electron microscopy. Open circular pCM959 DNA was used as an internal length marker. Only molecules in which both halves of the replication loops were identical in length (±5%) and for which the total length was within ±10% of the length marker were used for analysis. Individual molecules were normalized to unit length and classified by using the following rationale. Molecules in which one end of the replicated region was within or very close to the position of oriC were assigned to classes C and D. Molecules in which the ends of the replicated regions have progressed beyond that point must replicate bidirectionally. They were assigned to class A (symmetrically bidirectional) ifthe midpoint ofthe nonreplicated part was between 0.5 and 0.65 of the total length. Obviously, this grouping is ambiguous for molecules with very short replicated regions. These were included in group D because this assignment is unfavorable for the conclusions drawn from the experiment. Restricted molecules were mounted on Parlodion-coated grids by using the aqueous spreading technique (11) , rotary shadowed with Pt-Pd at a low angle, and examined by electron microscopy. The frequency of replicative intermediates detected among all molecules inspected was about 10-4. The position of oriC, and thus of the start of replication within the minichromosomes, is known ( Fig. 1) (17) . This obviates the need for using a second restriction enzyme to determine the location of the origin. In agreement with the position of oriC is the observation that replicative intermediates with short replicated regions show these small "eyes" always at a position which can be matched with the position of oriC. This was found for 8 molecules of pCM959 (see Fig. 2D ), 7 molecules of pOC24 (see Fig. 3A ), and 25 molecules of pOC2 (data not shown).
Replicative intermediates of pCM959 are shown in Fig. 2 . They can be grouped into four classes: molecules replicating bidirectionally and symmetrically from oriC ( Fig. 2A) , asymmetric bidirectional molecules in which one replicated part has progressed further from oriC than the other (Fig. 2B) , and molecules replicating unidirectionally in counterclockwise (Fig. 2C) or clockwise (Fig. 2D) direction. This pattern is very similar to that observed for replicating molecules of phage X (22) and F plasmids (6) .
More than half of the molecules were in the symmetric bidirectional class (Table 1) . This demonstrates that the replication origin present in pCM959 promoted bidirectional replication and that both replication directions were frequently initiated simultaneously. In some molecules, initiation of one replication fork seemed to be delayed relative to the other (or one fork stopped replication prematurely), thus yielding the asymmetric bidirectional class. Unidirectional replication of molecules might also be due to such a delay: small plasmid molecules might have finished replication before initiation of the other replication direction could occur. This also demonstrates the high level of resolution obtained in these small minichromosomes with [3Hlthymidine (I ACi/ml) was added at a cell density of 108/ml. Cells were harvested at 2.5 x 108/ml and Jysed by the clearedlysate method (4) . Replicative intermediates were linearized with restriction endonuclease PvuII. The position oforiC is indicated Molecules were oriented such that the replicated region starts at or close to oriC (unidirectionally replicating molecules A and B) or oriC is within the replicated segment (bidirectionally replicating molecules, C). (3, 9, 14, 19, 24) .
The pattern observed for replicative intermediates of pOC24 appears to be different. Although only a few replicating molecules were found, and most of these showed only relatively small loops of replicated DNA, the results (Fig.  3) indicate that the majority of molecules replicated unidirectionally, counterclockwise from the origin ( 
